INTRODUCTION
============

On-chip electrically driven miniaturized optoelectronic integrated circuits (OEICs) that combine the high bandwidth of a photonic network with the compactness of an electronic circuit are actively pursued in the post-Moore era to realize rapid data transmission and powerful signal processing ([@R1], [@R2]). Therefore, considerable research efforts over the past several decades have been devoted to fabricating OEICs with silicon, germanium, II-VI and III-V semiconductors, nanowires, and an expanding class of two-dimensional (2D) materials ([@R3]--[@R9]). Nevertheless, none of these approaches have been demonstrated at the complete circuit level to enable photonics to monolithically interface with electronics with the same feature size. Currently, this gap between photonics and electronics can be bridged through plasmonics, which combines matter excitation and light fields, enabling the control of electromagnetic fields at the interface of a metal and a dielectric to overcome the diffraction limit ([@R10]--[@R13]). A wide range of plasmonic building blocks have been created to construct complete plasmonic circuits over the past few decades, including waveguides, antennas, splitters, modulators, surface plasmon polariton (SPP) sources, and detectors ([@R11], [@R14]--[@R24]). However, a monolithic plasmonic interconnect circuit (PIC) has yet to be realized because of fabrication and material conflicts ([@R10]--[@R13]). In this regard, semiconducting single-walled carbon nanotubes (CNTs) provide a novel material platform for integrated nanoelectronics and optoelectronics because of their excellent properties, which include a direct bandgap, ballistic transportation, broadband response, and an ultrathin body of 1 to 3 nm ([@R25], [@R26]). These features enabled considerable development of CNT electronics and optoelectronics, including p- and n-type transistors, electrically driven light-emitting diodes, photovoltaic (PV) detectors, and functional integrated circuits at a primitive system level ([@R25]--[@R36]).

Here, we demonstrate that an energy-efficient SPP source, PV detector, and Au-strip waveguide can realize monolithic electrically driven PICs. These features are fabricated from CNTs at a subwavelength scale via complementary metal-oxide semiconductor (CMOS)--compatible, doping-free techniques. This approach enables chip-level throughput capability for potential applications, such as data transport repeaters, in modern computing systems.

RESULTS
=======

Structure and principle of the PIC
----------------------------------

[Figure 1](#F1){ref-type="fig"} shows a schematic of the electrically driven PIC system consisting of two SPP sources, two Au-strip waveguides, and a two-cell PV cascading detector on a typical silicon wafer. In the SPP sources (channel length *L* = 0.5 μm; channel width *W* = 10 μm; illustrated in section S1 and fig. S1), chirality-selected (8, 4) and (8, 3) CNTs (detailed characterization results are presented in section S2, fig. S2, and table S1) are in contact with Ti/Au electrodes. The cascading detector is composed of high--semiconducting purity CNTs (specific characterization in section S2, fig. S2, and table S1), which are in contact with Pd/Sc electrodes ([@R28]). The channel length and width of the detector (fig. S1) are 1 and 10 μm, respectively, if without special illustration. All SPP sources and detectors are covered with a 20-nm HfO~2~ layer as both an electrically insulating layer and a metal-dielectric interface for SPP generation and detection. Finally, the Au-strip waveguides (thickness *t* = 80 nm; width, 500 or 200 nm; length, 1 to 10 μm) are fabricated on top of the HfO~2~ layer to optically connect the sources to the detector.

![Electrically driven PIC system based on CNTs.\
The inset shows the mode distribution of a 500-nm-wide Au-strip waveguide. Scale bar, 500 nm.](1701456-F1){#F1}

Plasmonic interconnection is a multistep process consisting of SPP generation, propagation, and near-field detection. First, the energy released from the (8, 4) and (8, 3) CNTs is directly converted into an SPP mode via near-field coupling, which can be transported away by the Au-strip waveguides. The intensity distribution of the plasmonic waveguide mode for a 500-nm-wide Au strip ([Fig. 1](#F1){ref-type="fig"}, inset) shows that the field is tightly confined below the Au strip because of the asymmetric refractive index distribution (more analyses are given in section S3 and fig. S3) ([@R14]). Then, the SPPs propagate along the waveguides and are absorbed by the CNTs in the PV cascading detector. The source is electrically driven in the PIC system, and the energy propagation from the source to the detector is conducted by SPPs for direct transformation into electricity through the PV cascading detector without any far-field optical processes. Therefore, this is a "dark-state" PIC system in the connection plane ([@R24]).

Far-field characteristics of the CNT SPP source
-----------------------------------------------

Here, we illustrate the far-field electroluminescence (EL) characteristics of the CNT emitters and SPP sources measured with an external spectrometer. In practice, five emission channels ([Fig. 2A](#F2){ref-type="fig"}) were constructed to increase the coupled SPP intensity. The typical output characteristics of the CNT emitters are shown in [Fig. 2B](#F2){ref-type="fig"} with a source-drain current of \~1.63 mA at *V*~ds~ = −8 V. The corresponding EL spectrum ([Fig. 2C](#F2){ref-type="fig"}) is attributed to the emission from the (8, 4) and (8, 3) CNTs via Lorentzian fitting at 0.92 and 1.03 eV with full width at half maximum (FWHM) of \~121 and \~135 meV, respectively. The emission peak widths of the (8, 4) and (8, 3) CNTs are substantially narrower than those of nonchirality-selected CNTs (fig. S4). The emission intensity follows an exponential relationship versus the voltage bias ([Fig. 2D](#F2){ref-type="fig"}; see also inset), indicating an impact-excitation--dominated EL process ([@R35], [@R36]). Compared with the photoluminescence (PL) spectra (fig. S5), the EL spectra of the (8, 4) and (8, 3) CNTs are red-shifted by \~172 and \~252 meV, respectively, indicating "trion"-dominated infrared (IR) emission ([@R36]). The trion mechanism lightens the otherwise "dark" excitons and pushes the emission band toward the telecommunication wavelength of \~1310 nm, which greatly reduces the propagation loss compared with the visible band (for example, 600 nm; fig. S6).

![On-chip CNT-based emitters and SPP sources.\
(**A**) False-color SEM image of the practical five-channel CNT emitters. Scale bar, 5 μm. (**B**) Output characteristics of the CNT emitters. (**C**) EL spectrum of the CNT emitters and its Lorentzian fitting. a.u., arbitrary units. (**D**) Integrated EL emission intensity versus voltage bias. Inset: EL spectra of CNT emitters under different voltage biases. (**E**) False-color SEM image of the practical five-channel CNT SPP sources. Scale bar, 5 μm. (**F**) Output characteristics of SPP sources. (**G**) EL spectrum of the SPP sources. (**H**) Integrated EL emission intensity versus voltage bias. Inset: Corresponding EL spectra under different voltage biases.](1701456-F2){#F2}

Because the SPP dispersion curve is to the right of the light line of the dielectric, coupling between the light and SPPs usually requires gratings or prisms for phase matching ([@R10]--[@R13]). Alternatively, the near-field CNTs act as point sources for near-field excitation of the SPPs propagating along the Au strip ([Fig. 2E](#F2){ref-type="fig"}) ([@R21], [@R37]), which is desirable to construct a highly compact PIC. Specifically, the photonic mode of the waveguide is cut off, and the CNTs decay mainly through coupling to the SPP modes in the near field, that is, the propagating mode (SPPs) along the waveguide and the standing wave polarized perpendicularly to the Au strip \[localized surface plasmons (LSPs)\].

As evident in [Fig. 2F](#F2){ref-type="fig"}, the output characteristic is basically unchanged before and after the Au strip was integrated. However, the FWHM of the EL spectrum ([Fig. 2G](#F2){ref-type="fig"}) becomes narrower compared with that of the CNT emitter ([Fig. 2C](#F2){ref-type="fig"}) because of the moderate Q-factor of the plasmonic mode (more detailed discussions are presented in section S7). The prominent IR emission ([Fig. 2](#F2){ref-type="fig"}, G and H, inset) is due to the fact that LSPs are scattered into free space at the edges of the Au-strip waveguide (more analyses are given in section S8 and fig. S7); the integrated intensity also increases exponentially with increasing stimulated bias ([Fig. 2H](#F2){ref-type="fig"}). Furthermore, the threshold voltage for IR emission of CNTs is \~1.2 V ([@R36]), which is approximately one order of magnitude lower than that reported previously ([@R22]), making the CNT SPP sources compatible with state-of-the-art electronic processing circuits. Therefore, this CNT-based SPP source is desirable to realize a monolithic, compact PIC configuration because of its directly coupled characteristic in the telecommunication band.

Far-field characteristics of the cascading CNT SPP detector
-----------------------------------------------------------

We combined contact engineering with high--semiconducting purity CNTs to construct a cascading barrier-free bipolar diode, which could be integrated with the Au-strip waveguide as a monolithic SPP detector. All the optoelectronic performance characteristics shown in [Fig. 3](#F3){ref-type="fig"} were measured under far-field incident IR illumination (λ = 1800 nm; schematically shown in [Fig. 3B](#F3){ref-type="fig"}, inset).

![Monolithic CNT PV cascading SPP detector.\
(**A**) False-color SEM image of the practical five-cell cascading SPP detector. Scale bar, 5 μm. (**B**) Output characteristics of the detector. Inset: Schematic of the detector under incident IR illumination. (**C**) Transfer characteristics of the detector with *V*~ds~ = −1 V. (**D**) Output characteristics of the SPP detector under different illumination intensities. (**E** and **F**) PV behavior (E) and noise spectra (F) of the SPP detector.](1701456-F3){#F3}

We first characterized the bare CNT cascading detector (fig. S8A). It exhibited typical rectification and ambipolar transport characteristics in the dark (fig. S8B; see also inset) and demonstrated typical PV behavior with a logarithmical relationship of photovoltage as a function of the IR power density (fig. S8, C and D) ([@R3]). By integrating five Au-strip waveguides, we fabricated an actual five-cell cascading SPP detector (*L* = 0.5 μm, *W* = 10 μm), as shown in [Fig. 3A](#F3){ref-type="fig"} (more detailed discussions of the cascading SPP detector are presented in section S10 and fig. S9). The rectification and ambipolar transport characteristics shown in [Fig. 3](#F3){ref-type="fig"} (B and C) were maintained after integration of the Au-strip waveguides, indicating that the waveguides did not introduce any obvious side effects. The photovoltage of the SPP cascading detector was 0.73 V under an incident power density of 5.78 W cm^−2^ ([Fig. 3](#F3){ref-type="fig"}, D and E), which is attributed to the near-field enhancement of the Au-strip waveguide, as shown in fig. S10 (more detailed discussions are presented in section S11). The photovoltage of the SPP detector also follows a quasi-logarithmic relationship as a function of the incident power intensity ([Fig. 3E](#F3){ref-type="fig"}), ensuring that it could also serve as a PV diode in the PIC system ([@R3]).

The most important figures of merit for characterizing detectors are the responsivity and the noise characteristics of the detector ([@R3], [@R38]). The photovoltage responsivity of the CNT cascading detector is as high as 10^7^ V/W in the telecommunication band, as previously discussed ([@R28]), which is sufficiently sensitive for the efficient detection of SPPs. In addition, the noise limit of the detector is the critical factor for the minimal energy per bit of OEICs. The power consumption can be significantly reduced by decreasing the noise level ([@R11]). As shown in [Fig. 3F](#F3){ref-type="fig"}, the current noise characteristics of the cascading detector were measured both in PV mode with zero bias and under voltage-biased conditions. In the case of reverse bias, the noise decreased with increasing frequency, indicating 1/*f* noise-dominated behavior ([@R3]). By contrast, Johnson noise was dominant in the PV operation mode indicated as a flat noise spectrum with a specific noise level of 3.45 *f*A/Hz^1/2^ at *f* = 1 Hz, which is very close to the theoretical limit. In principle, the energy consumption of the detector might be ultimately reduced to 4 *k*~B~*T* (where *k*~B~ is the Boltzmann constant and *T* is the operating temperature), which is four orders of magnitude lower than the current light-level standards of 100,000 *k*~B~*T* ([@R11]). Therefore, this highly sensitive, low-power, miniature PV cascading detector is a desirable component to construct large-scale, compact PIC systems.

Near-field propagation characteristics of the electrically driven PIC system
----------------------------------------------------------------------------

Unlike the schematic in [Fig. 1](#F1){ref-type="fig"}, the real PIC system is somewhat complex. To increase the coupled signal intensity of the source and signal-to-noise ratio of the detector, the PIC system involves five communication channels: five SPP sources, five Au-strip waveguides, and a five-cell cascading SPP detector. On top of each communication channel is an Au-strip waveguide, which is simultaneously part of the source, detector, and transmission line. We fabricated systems 1 (S1), 2 (S2), and 3 (S3) with different waveguide lengths of 1, 5, and 10 μm, respectively, as illustrated in [Fig. 4](#F4){ref-type="fig"} (A to C).

![Characteristics of the electrically driven PIC system.\
(**A** to **C**) SEM images of the PICs with different propagation lengths: *d* = 1 μm (A), 5 μm (B), and 10 μm (C). Scale bar, 5 μm. (**D**) 3D FDTD simulation of the SPP intensity along the propagation direction. (**E**) Output characteristics of S1, S2, and S3 with *V*~bias~ = 7 V on the sources. (**F**) Photovoltage of the cascading detector and SPP source current versus propagation length. (**G**) Output characteristics of S2 under different voltage biases applied on the source. (**H**) Detector photovoltage and source current versus the voltage bias applied on the source.](1701456-F4){#F4}

The diameters of the CNTs used in the PIC were less than 2 nm (table S1), locating them in the near-field region without introducing strong scattering centers to the Au-strip waveguides. Thus, the energy released by the (8, 4) and (8, 3) CNTs in the source can be coupled in the near-field region and propagate at the bottom surface of the Au-strip waveguide toward the detector end. 3D finite-difference time-domain (FDTD) simulations provide further insights into the propagation process ([Fig. 4D](#F4){ref-type="fig"}; additional analyses are given in section S12). Finally, the propagating SPP energy is directly absorbed and converted into electrical signals by the near-field PV cascading detector.

When a bias (*V*~bias~ = 7 V) was applied to the S1, S2, and S3 sources, typical short-circuit current (*I*~plas~) and open-circuit voltage (photovoltage) were generated, as shown in [Fig. 4E](#F4){ref-type="fig"}; both the *I*~plas~ and the photovoltage decreased with increasing propagation length. Notably, the PV nature of the PIC system enabled the SPP energy to effectively transform into electricity without additional power consumption ([@R3], [@R38]). By using the output characteristics of S1, S2, and S3, we calculated the experimental waveguide propagation loss α as ([@R38])$$\alpha = \frac{10}{\mathit{z}}~\text{lg}\frac{\mathit{P}_{i}}{\mathit{P}_{o}}(\text{dB}/\text{cm})$$where *z* is the propagation length, *P*~i~ is the input energy, and *P*~o~ is the output energy. The short-circuit currents of S1, S2, and S3 were *I*~1~ = 3.75 × 10^−11^ A, *I*~2~ = 2.91 × 10^−12^ A, and *I*~3~ = 3.47 × 10^−13^ A, respectively ([Fig. 4E](#F4){ref-type="fig"}). Therefore, we experimentally obtained an averaged propagation loss of α = 2.29 × 10^4^ dB cm^−1^ (more analyses are given in section S13). The calculated loss coefficient of the Au-strip waveguide using the 3D FDTD simulation was 3.83 × 10^3^ dB cm^−1^. The experimental propagation loss is approximately five times larger than that calculated by the FDTD simulation, which is attributed to the imperfections of the fabricated Au-strip waveguide ([@R39]). The experimental propagation loss is similar to that reported by van Wijngaarden *et al*. ([@R39]), indicating that the introduction of CNT-based active devices does not cause additional scatterings or imperfections.

After the SPP wave reaches the terminal of the waveguide, it enters the detector without noteworthy reflection by virtue of the ultrathin-diameter CNTs. The corresponding detection mechanism can be regarded as a multistep process: (i) The SPP energy is absorbed in the detector, generating electron-hole pairs via near-field coupling. (ii) The built-in field across the active CNT channel of the cascading detector separates the electron-hole pairs into free carriers before recombination. (iii) The free carriers are swept into corresponding electrodes to constitute the external flowing current. In addition, the transmitted SPP energy at the terminal of the detector could be regarded as zero because we experimentally demonstrated that no light was detected by the far-field spectrometer (fig. S11; more analyses are shown in section S14). Therefore, the launched SPP power can be estimated, and we define the exit of the source as *P*~1~ and the entrance of the detector as *P*~2~ (as shown in fig. S12).

The SPPs propagating in the detector are dissipated by the CNT absorption and waveguide loss. By taking the CNT absorption into account, we calculated the propagation loss as \~4.21 × 10^3^ dB cm^−1^ via 3D FDTD simulation (more analyses are shown in section S16), which is larger than that of the waveguide of \~3.83 × 10^3^ dB cm^−1^ without the CNTs. Therefore, the loss resulting from CNT absorption was calculated as 383.5 dB cm^−1^. If a single-layer CNT film is assumed to have an absorption efficiency of \~3% ([@R28], [@R40]), the energy required to generate 8 mV of photovoltage (fig. S13) is experimentally determined as \~1.374 × 10^−10^ W under normal incident illumination. Therefore, the ingoing power at *P*~2~ was determined to be 8.34 × 10^−9^ W. Thus, the launched power for S3 was calculated as 1.21 × 10^−7^ W, enabling an estimation of the conversion efficiency between electricity and SPPs (more analyses are given in section S16). As shown in [Fig. 4F](#F4){ref-type="fig"}, the flowing currents of these three SPP sources were approximately 1 mA, indicating that the stimulated electrical powers were approximately 7 mW in these three systems. Therefore, the conversion efficiency of S3 was approximately 1.72 × 10^−5^, which is comparable to most of the previously reported CNT EL efficiencies ([@R9], [@R25]). The conversion efficiency could be readily improved by aligning the CNT orientation along the waveguide direction to increase the coupled SPP energy (more analyses are given in section S18 and fig. S14).

The PIC system can potentially be used as a repeater for data transport in modern computing systems because of its electrically driven characteristic and PV operation mode ([@R3]). As evident in [Fig. 4](#F4){ref-type="fig"} (G and H), the photovoltage of S2 increased from 8 to 24 mV as the driving current was increased from 1.24 × 10^−4^ A (*V*~bias~ = 5 V) to 9.08 × 10^−4^ A (*V*~bias~ = 7 V). This result indicates that the energy could be readily tuned from electricity into SPPs at the source and efficiently transformed from the SPP domain into an electrical signal via the on-chip PV effect ([@R11]). In principle, the recovered electricity could be fed back to drive subsequent signal processing circuits ([@R3]). Current electrically driven CNT emitters enable an extremely high emission speed of \~140 ps ([@R41]), and the response speed of CNT detectors is on the order of picoseconds ([@R42]). In principle, the introduction of the SPP structure will not significantly affect the speed of active CNT devices. Therefore, gigahertz-modulated PICs are reasonably expected to be realized in the future through utilization of the SPP source and detector in an extremely compact architecture ([@R11]).

DISCUSSION
==========

The roadmap toward commercial utilization of PICs, such as repeaters in modern computing systems, requires realization of enhanced throughput capability and benchmarking feature size via currently mature CMOS-compatible methods ([@R2], [@R11]--[@R13]). This objective can be readily achieved via the doping-free technique ([@R26]). As shown in [Fig. 5A](#F5){ref-type="fig"}, we demonstrated the structural scalability of the PIC by fabricating a 20 × 20 PIC repeater array on a 10 mm × 10 mm chip, where the bottom-up CNT assembly and top-down device fabrication were seamlessly combined in a CMOS-compatible manner. [Figure 5](#F5){ref-type="fig"} (B to D) presents digital images of this array at different magnification levels, indicating that wafer-scale yield could be readily achieved via this doping-free method. In particular, no structural defects were observed under random SEM inspection over the entire chip. Such high uniformity and scalability are critical for large-scale applications.

![Chip-level integration and deep-subwavelength characteristics.\
(**A**) Digital image of the PIC repeater array (wafer size, 10 mm × 10 mm). (**B** to **D**) SEM images of the repeater array (A) with different magnification levels. Scale bars in (B) to (D) are 250, 40, and 20 μm, respectively. (**E**) False-color SEM image of one channel in the PIC. Scale bar, 200 nm. (**F**) Output characteristics of the PIC. The inset shows the SPP mode distribution of the 200-nm-wide Au-strip waveguide. (**G**) SPP propagation length versus waveguide width.](1701456-F5){#F5}

In addition to the impressive throughput capability, the deep-subwavelength feature sizes were also realized via the doping-free technique. As shown in [Fig. 5E](#F5){ref-type="fig"}, one channel of the PIC repeater was scaled to 200 nm, which exceeds the diffraction limit and approaches the deep-subwavelength scale (\~λ/7, λ = 1340 nm). Meanwhile, the narrow waveguide also tightly confined the SPP mode distribution mainly below the Au strip to ensure the proper operation of the PIC ([Fig. 5F](#F5){ref-type="fig"}, inset). Therefore, this miniaturized system could generate a photovoltage signal of 12 mV at the detector end ([Fig. 5F](#F5){ref-type="fig"}). The propagation loss would substantially increase with further reduction of the width of the Au-strip waveguide. If we stipulate that the minimum propagation length of the SPPs is 2 μm for the PIC ([Fig. 5G](#F5){ref-type="fig"}), the width of the Au-strip waveguide can be scaled to 14 nm (\~λ/95, λ = 1340 nm), a size comparable to the microelectronic 14-nm technique node. Thus far, the contact width of a CNT device has been scaled to the sub--10-nm range ([@R29], [@R30]), indicating that the pitch size of the PIC channel can be reduced to sub-30 nm in principle. To the best of our knowledge, this work represents the first report of a monolithic subwavelength-scaled PIC system, demonstrating the synergy of plasmonic, electronic, and photonic components to realize complete, large-scale PICs.

CONCLUSION
==========

We demonstrated a monolithic subwavelength electrically driven PIC system consisting of electrically tunable SPP sources, a PV cascading SPP detector, and Au-strip waveguides. These components were fabricated from CNTs of the same feature size via a CMOS-compatible doping-free technique, providing an ideal platform for the realization of deep-subwavelength (\~λ/7 to λ/95, λ = 1340 nm) and large-scale (20 × 20 PIC array) plasmonic circuits. The circuits were configured as repeaters by virtue of their electrically driven characteristics and PV operation mode to freely transform between SPPs and electrical signals. CNTs offer an excellent material system for combining plasmonics with CNT-based nano- or optoelectronic functional devices, opening a new path for a monolithic, deep-subwavelength, photonic-electronic integrated system that may reform the architecture of currently computing paradigms by adding nanophotonics as a new design dimension.

MATERIALS AND METHODS
=====================

Fabrication of the PIC system
-----------------------------

The PIC systems were fabricated on a typical silicon wafer with 500-nm SiO~2~. The electrodes of SPP sources (titanium/gold, 5/40 nm) were fabricated via electron beam lithography (EBL) (Raith150 Two), electron beam evaporation (EBE) (Kurt J. Lesker), and standard lift-off process. The electrodes and virtual contacts of the detectors (scandium, 80 nm; palladium, 70 nm) were fabricated with the same procedure as that of the SPP sources. CNTs outside the active channels were etched using reactive ion etching (Trion Minilock-Phantom III). The HfO~2~ layer was deposited via low-temperature atomic layer deposition (Cambridge Nanotech). The Au-strip waveguides were fabricated using the same EBL, EBE, and lift-off process.

Device characterization
-----------------------

The detector was characterized by supercontinuum spectrum laser (NKT Company). Optoelectronic measurements on CNT devices were performed with a probe station (Märzhäuser Wetzlar GmbH & Co. KG) attached to the Horiba system (Jobin Yvon/Horiba Company). All electronic transportation measurements were performed with a Keithley 4200 semiconductor analyzer at room temperature under ambient conditions. PL, EL, and Raman spectra were characterized on the Horiba platform. Excitation wavelength was 633 nm for the Raman and PL characterization. The noise spectrum was obtained with Agilent B1500 under ambient conditions.

Numerical simulation
--------------------

Simulations were carried out via FDTD Solutions version 8.0 (Lumerical Inc.).
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